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Abstract. We theoretically analyze the propagation of very low frequency
(VLF) and extremely low frequency (ELF) electromagnetic energy in the spherical
waveguide formed by the ground and ionosphere of Mars to investigate the possibility
of using such signals to remotely sense Martian ground conductivity and ionospheric
parameters. This energy is presumed to be radiated from an electrical discharge
in a Martian dust storm. Using a synthesis of observed and modeled Martian
ionospheric and ground parameters and assuming a discharge current similar to
that in a terrestrial lightning discharge, we calculate radio atmospheric spectra and
waveforms for a variety of discharge orientations and observed electromagnetic field
components. A number of characteristics of the modeled Martian radio atmospherics
(sferics) are found to be significantly different from those of terrestrial sferics, and
we discuss how these features could provide information regarding the Martian
ionosphere. We also show that measurements of VLF and ELF attenuation rates
could provide a measurement of large-scale ground conductivity to a depth of a few
kilometers or more, thereby providing a technique for probing large-scale subsurface

geological features which affect bulk conductivity, such as areas containing ice or

water.

1. Introduction

The existence of electrical discharges generated by
dust storms on Mars is an intriguing possibility from
both a scientific and practical standpoint. Terrestrial
dust devils are known to be electrically active [Crozier,
1964], and volcanic eruptions can be accompanied by
spectacular electrical discharges [Anderson et al., 1965].
Experimental [Eden and Vonnegut, 1973] and theoret-
ical [Farrell et al., 1999] investigations of dust grain
electrification have found that both glow and filamen-
tary discharges on Mars could be generated in swirling
dust storms. Should such discharges be found to exist,
the very low frequency (VLF, 3-30 kHz) and extremely
low frequency (ELF, 3-3000 Hz) electromagnetic radi-
ation from them could be used as on Earth for probing
the ionosphere [Cummer et al., 1998] and subsurface
ground [Goldman and Neubauer, 1994].

In this work, we presuppose the existence of electri-
cal discharges on Mars that, like terrestrial thunder-
storm lightning, radiate electromagnetic energy in the
VLF and ELF bands. Such discharges would be simi-
lar to the filamentary discharges observed in the lab by
Eden and Vonnegut [1973] and are distinct from the
glow (or Paschen) discharge which radiates at much
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higher frequencies. Farrell et al. [1999] explored the
possibility of dust devil electrification and found that
filamentary discharges from Martian dust storms could
be produced by the expected level of charge separation,
while this paper focuses primarily on the radiation and
propagation of the VLF and ELF electromagnetic en-
ergy created by such discharges. Because of the tran-
sient nature of the source (i.e., discharge current), the
radiated energy is contained in short-timescale signals
which are commonly termed radio atmospherics or sfer-
ics. We investigate the propagation of these sferics in
the spherical waveguide formed by the Martian ground
and ionosphere using a numerical propagation model.
We calculate radiated VLF and ELF magnetic and elec-
tric field spectra and waveforms for a variety of source
current orientations and for waveguide characteristics
(i.e., the ionosphere and ground) appropriate for Mars.
Not surprisingly, we find that Martian sferics have some
significant differences from their terrestrial counterparts
which are primarily due to the assumed lossier Martian
ionosphere and less conducting Martian ground.

Not only would the presence of VLF and ELF signals
like those presented here be likely confirmation of elec-
trical discharges on Mars, but because their propagation
is controlled largely by the lower ionosphere and ground,
Martian sferics would provide a technique for remotely
sensing these two media. In particular, we demon-
strate how VLF and ELF attenuation rates measured
from sferics could be used to probe the large-scale Mar-
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tian ground conductivity. A conductivity significantly
higher than that of the surface dust layer could indicate
the presence of high-conductivity minerals or even sub-
surface ice or water. These remote sensing techniques
only require a localized source of VLF and ELF waves,
and waves radiated by any such source could possibly
be used in a similar manner.

Although we arbitrary assume discharge currents
similar to those on Earth, the results of this work can
be adapted to other source timescales and amplitudes.
The propagation problem is linear, so sferic spectra and
waveforms from more slowly varying sources can be con-
structed by a superposition of the waveforms presented
herein.

Related work has been reported by Sukhorukov
[1991], who calculated the Martian Schumann reso-
nance frequencies and attenuation rates using an ana-
lytical approximation of the Martian ionosphere. Schu-
mann resonances play a strong role in the global-scale
propagation of electromagnetic waves of frequency less
than 50 Hz [Sentman, 1989], while this work focuses on
higher-frequency propagation over shorter distances.

2. VLF Propagation Modeling

We use the sferic propagation model described by
Cummer et al. [1998], which is based on a single-
frequency VLF and ELF propagation model [Pappert
and Ferguson, 1986]. The latter model solves the time-
harmonic (i.e., single frequency) propagation problem
using mode theory [Budden, 1961], in which the fields
at a distance from the source are described as a sum
of independently propagating waveguide modes. In the
locally Cartesian coordinate system used in this work,
is horizontal in the direction of propagation, z is verti-
cal and perpendicular to the ground, and y is horizontal
and transverse to the direction of propagation. As an
example of this model, the transverse horizontal mag-
netic field By at a distance = along the ground from a
vertical electric dipole source transmitting at an angu-
lar frequency of w is [Pappert and Ferguson, 1986]

By(w,z) = _:u’Ok%Me(W) [Rsin (%)]“%
: <g>‘% T S Ain Mg e k500,

The wavenumber k is given by k¥ = w/ec, M.(w) is the
vertical electric dipole moment of the source (and is re-
lated to the source current by M, (w) = lI(w)/iw, where
I is the source current amplitude and [ is the length of

1)

the current channel), and the term [Rsin (%)r% ac-
counts for the spreading of the fields over a spherical
surface of radius R (note that this term is equivalent
to 72 over short distances). The summation includes
the significant waveguide modes (strongly attenuated
modes are excluded as they contribute negligibly to the
total field), each of which has an index of refraction

given by the sine of the corresponding eigenangle 0,,.
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The excitation and receiver factors A, and A, contain
the altitude dependence of the fields and also depend on
the observed field component. The reader is referred to
Pappert and Ferguson [1986] and references therein for
further details concerning this model.

To calculate the fields from a broadband source, one
simply needs to calculate By (w) (or any other field com-
ponent) over the range of frequencies significant to the
problem at hand. The resulting sferic spectrum can
be converted to a time domain waveform with an in-
verse Fourier transform operation, which can be ap-
proximated by the inverse fast Fourier transform [Op-
penheim and Schafer, 1989, p. 514].

This ELF-VLF propagation model allows for an ar-
bitrary homogenous ground conductivity and permit-
tivity as well as arbitrary inhomogeneous altitude pro-
files of ionospheric electron density and electron-neutral
collision frequency. While there are approximate ana-
lytical models that describe ELF propagation under an
exponentially varying ionospheric conductivity [ Greifin-
ger and Greifinger, 1986, and references therein], they
are not directly applicable to this work because they
generally assume a perfectly conducting ground. As
discussed above, the Martian ground is more likely a
poor conductor at ELF and VLF. The source lightning
current parameters of our propagation model (current
waveform, orientation, and altitude) can also be cho-
sen freely. The details of these model parameters are
discussed in section 2.1.

2.1. Waveguide Parameters

Long-distance ELF-VLF propagation is controlled by
the ground and ionosphere which form the upper and
lower boundaries of the waveguide. We assume ini-
tially that the Martian ground is homogeneous with
conductivity oy = 10~7 mho m™!, a relative permittiv-
ity €, = 5, and a relative permeability of unity. This
permittivity is consistent with Martian surface param-
eters measured by VHF scattering [Tyler et al., 1976].
In constrast, it is difficult to choose an appropriate o,
because the Martian ground conductivity is not well
quantified. Olhoeft and Strangway [1974] estimated a
Martian surface conductivity of ¢ < 107! from an
analysis of lunar soil samples. However, at these low
values, the ground is very poorly conducting at VLF
and ELF, and thus the skin depth (the depth at which
a propagating wave will have attenuated to e~! of its
initial value) is extremely long. Under these conditions,
ELF-VLF propagation is influenced by the ground con-
ductivity to a depth of possibly tens of kilometers, and a
surface layer of low conductivity will not strongly affect
the propagation. For this reason, we assume a homo-
geneous ground conductivity (10=7 mho m™!) between
that of the surface dust and that typical of terrestrial
ground [Goldman and Neubauer, 1994]. Our assump-
tion that the ground has the permeability of free space
may not be valid because of the high concentration of
iron in Martian soil. However, the theoretical relative
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permeability reported by Olhoeft [1998] of ~1.5 is small
enough to have only a very small effect on the results
reported here. In section 4 we consider the possibility
that the homogeneous Martian ground parameters are
significantly different than these assumed values.

On a more global scale, our propagation model does
account for the spherical geometry of the waveguide.
However, the model does not include fields that prop-
agate in a direction other than the shortest great cir-
cle path between source and receiver. Because of the
relatively high attenuation rates at the frequencies con-
sidered herein, these around-the-world signals are not
important except for locations near the antipode of the
source, where our model is not valid. We also assume
that the Martian surface is uniform in altitude, as we
are studying ELF-VLF propagation on Mars in a gen-
eral sense. This is clearly not the case on some paths, as
Olympus Mons protrudes 30 km above the mean Mar-
tian surface, and surface variations of this magnitude
would affect ELF-VLF propagation.

For the purposes of low-power ELF-VLF wave prop-
agation, the Martian ionosphere can be fully character-
ized by its free electron density, electron-neutral colli-
sion frequency, and ambient magnetic field (which we
take to be zero) [Budden, 1985, p. 4]. The momentum-
transfer electron-neutral collision frequency altitude
profile we use in this work is plotted in Figure 1. The
profile was calculated using the theory of Banks and
Kockarts [1973, p. 188] from atmospheric pressure and
temperature from a model Martian atmosphere [MacEl-
roy et al., 1977] and the electron-CO; collision cross
section from Hake and Phelps [1967]. Electron-ion col-
lisions are negligible compared to the electron-neutral
collision frequency for the altitudes less than 200 km
considered here. Plotted for comparison is a representa-
tive electron-neutral collision frequency profile for Earth
wlhich is a concatenation of the profile used by Cummer
et al. [1998] and that from Budden [1985, p. 12]. Al-
though the atmospheric pressure on Mars is roughly a
factor of 100 smaller than on Earth, the substantially
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Figure 1. Martian and terrestrial momentum-transfer
electron-neutral collision frequency profiles.
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Figure 2. Martian and terrestrial electron density pro-
files for day and night.

larger collision cross section for COy compensates for
this and leads to a profile close to that on Earth.

The Martian electron density altitude profile has been
measured with both in situ [Hanson et al., 1977] and
radio occultation [Zhang et al., 1990] techniques, but
nearly all of these measurements have been made at al-
titudes greater than 110 km. From a combination of ob-
servation and theory, we have assembled representative
nighttime and daytime Martian electron density profiles
which are plotted in Figure 2. The lower portions (<80
km) of both profiles are theoretical profiles from Whit-
ten et al. [1971], while the upper portions (>110 km)
are experimental profiles from Zhang et al. [1990] and
Hanson et al. [1977] for nighttime and daytime, respec-
tively. Plotted for comparison are representative ter-
restrial electron density profiles for midnight and noon
obtained from the 1995 International Reference Iono-
sphere [Bilitza, 1997]. Our assumption of a lack of a
significant magnetic field on Mars means that ions do
not contribute significantly to the ionospheric index of
refraction for any wave frequency [Budden, 1985, p. 55].
Thus we neglect the effects of ionospheric ions on the
wave propagation.

The primary difference between the terrestrial and
Martian electron density profiles is the presence of a
distinct ionization layer near 30 km on Mars which is
produced by incoming cosmic rays. However, this cos-
mic ray layer is not a significant reflector for VLF fre-
quencies. Because the collision frequency is high at this
altitude, the high N, has only a very small effect on the
index of refraction n and therefore does not significantly
affect the VLF propagation. For f < 300 Hz, however,
n deviates from unity significantly near or in this layer,
and its presence does influence ELF propagation.

2.2. Source Parameters

We assume throughout this work that the current
flowing in a Martian lightning channel varies as

I(t) = Io [exp(—bt) — exp(—at)] Am, (2)
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Figure 3. Lightning current waveform and spectrum
used as a radio atmospheric source throughout this
work.

and that the lightning channel extends either horizon-
tally or vertically for a distance of 1 km. Because the
source is embedded in a waveguide, a source in any ori-
entation will radiate fields that are observable in any
azimuthal direction, even in a direction of null of the
individual radiating dipole. Throughout this work, we
use values typical for a vertical terrestrial discharge of
Io =20 kA, a =2x10% 57!, and b = 2x10% s™! [Jones,
1970]. These discharge parameters produce a peak cur-
rent of ~14 kA and a total charge displacement of 0.9
C along the 1 km channel. Figure 3 shows this cur-
rent waveform and its spectrum. On the basis of the
estimates of Farrell et al. [1999], this charge transfer is
consistent with the charging which could be supported
by a large Martian dust devil of 5 km radius and 10 km
altitude.
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Of course, Martian discharge characteristics may be
significantly different from those assumed in terms of
amplitude or timescale. However, since the propaga-
tion problem is linear, the results presented here can be
scaled appropriately to find sferic amplitudes for any
source amplitude. Sferic waveforms radiated by slower
sources can be estimated by a superposition (i.e., convo-
lution) of the waveforms presented herein. Sferic wave-
forms radiated by faster sources will not be drastically
different than those presented here because the assumed
discharge timescale is relatively fast compared to the
main radiated frequency components considered here.

3. Sferic Waveforms and Spectra on
Mars

Our ELF-VLF propagation model allows for an arbi-
trary specification of the discharge orientation (i.e., ver-
tical or horizontal) and of the observed electromagnetic
field component, and below we present sferic waveforms
and spectra from a number of different source orien-
tations and field components. To calculate the sferic
waveforms from the spectra produced by the frequency
domain model, we must assume that there is an upper
limit to the frequency range which contributes signifi-
cantly to the waveform; that is, we must terminate the
integration at some finite frequency. In a practical sferic
receiving system, this upper limit would be imposed
by a low-pass filter with a cutoff frequency dictated by
the rate at which the waveform was sampled. In this
work, we include the effect of a fourth-order low-pass fil-
ter with a cutoff frequency of 25 kHz, which essentially
limits the maximum sferic bandwidth to ~40 kHz. Sim-
ilarly, there is a lower limit to the frequency response of
most receivers, and we have also included the effect of a
single-pole high pass filter with a -3 dB cutoff frequency
of 100 Hz.
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Figure 4. E,, cB,, and E, sferic waveforms and spectra observed at a propagation distance of
1000 km under a daytime Martian ionosphere. The source current is vertically oriented at ground

altitude.
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Throughout this work, we only consider sferics cal-
culated using the daytime Martian ionosphere shown in
Figure 2. Model calculations show that the expected
difference between nighttime and daytime propagation
is small. All fields presented in this work are assumed
to be observed at ground altitude. Some of the wave-
forms in the plots below have been inverted to allow an
easier comparison of the different fields.

3.1. Sferics From a Vertical Discharge

Figure 4 shows E,, E;, and c¢B, waveforms and spec-
tra observed 1000 km from a vertical source discharge.
The source is at an altitude of 0 km (at the ground), and
the source current varies as (2). They are each shown
on two different scales to highlight the ELF and VLF
regimes, which are almost completely distinct because
of the large signal attenuation from 2-5 kHz. We mul-
tiply By by the speed of light in a vacuum ¢ to convert

"it to units of electric field to allow a direct comparison

of the field component magnitudes. In the case of a
vertical source, cBy is nearly identical to E, for VLF
frequencies observed on the ground.

Because the waveguide considered here is isotropic
(a consequence of the absence of any ambient magnetic
field), a vertically oriented source will only excite the
transverse magnetic (TM) fields, namely, E,, B,, and
E, [Ramo et al., 1984, p. 404], so for this source orien-
tation the other field components are zero. There are
fundamental differences in the field components present
in terrestrial and Martian sferics which are discussed in
detail in section 3.3.

3.2. Horizontal Discharge

A horizontal current source oriented parallel to the
propagation direction (the “end-fire” configuration) ex-
cites the same TM fields excited by a vertical dipole
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X
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[Pappert and Ferguson, 1986], and for this reason, the
fields radiated from such a current source are very sim-
ilar to those radiated from a vertical dipole. Figure 5
shows E,, E;, and cB, waveforms and spectra for an
end-fire horizontal source at 10 km altitude and for a
propagation distance of 1000 km. At VLF, the wave-
form shapes are nearly identical to the vertical source
sferics, and the amplitudes are comparable. The field
amplitude at ELF is significantly lower than for a ver-
tical source because this source orientation couples to
E,, which is weaker than F, in the field structure for
the single propagating mode at ELF.

The fields radiated from a horizontal dipole source
oriented in the y direction (transverse to propagation,
referred to as the “broadside” configuration) are signif-
icantly different. Such a source only excites the trans-
verse electric (TE) wave fields, namely, E,, B,, and B,
[Pappert and Ferguson, 1986]. Figure 6 shows shows
E,, ¢B,, and ¢B, waveforms and spectra for a broad-
side horizontal source at 10 km altitude and for a prop-
agation distance of 1000 km. Compared to sferics from
a vertical or end-fire source, these waveforms have more
energy below 10 kHz which is a consequence of the char-
acteristics of the TE modes launched by this source ori-
entation. A significant difference between TE and TM
modes in a lossy parallel-plate waveguide is that TE
modes are, in general, less attenuated than TM modes
[Ramo et al., 1984, p. 407], and this is also known to
be true in the terrestrial Earth-ionosphere waveguide
[Sukhorukov, 1996]. This leads to less attenuation and
therefore higher signal amplitudes for f < 10 kHz. Es-
sentially, no ELF energy is radiated for the horizontal
broadside orientation because the field structure for the
the single propagating mode at ELF does not contain
any of the TE field components. Thus the ELF mode
cannot be excited by this source orientation.

15 20

1.5 2
frequency (kHz)

Figure 5. E,, cB,, and E, sferic waveforms and spectra observed at a propagation distance
of 1000 km under a daytime Martian ionosphere. The source current is in a horizontal end-fire

configuration at 10 km altitude.
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configuration at 10 km altitude.

3.3. Differences Between Terrestrial and
Martian Sferics

The calculated Martian sferics show some significant
differences from terrestrial sferics. First, for the as-
sumed Martian ionospheres, Martian sferics display a
lack of diurnal variation, while there are significant dif-
ferences between nighttime and daytime terrestrial sfer-
ics [Chapman and Pierce, 1957] due to the substantial
changes between the daytime and nighttime ionospheric
D region. On Earth, VLF attenuation rates at night
can be less than a few decibels per 1000 km [Wait and
Spies, 1965], leading to highly dispersed sferics with
tails lasting tens of milliseconds [e.g., Cummer et al.,
1998]. With the ionospheric electron density profiles
assumed herein, the modeled Martian sferics are simi-
lar to daytime terrestrial sferics [Chapman and Pierce,
1957] and contain very little dispersion because of the
higher attenuation rates. However, expected Martian
VLF and ELF attenuation rates are even higher than
for terrestrial daytime because of the poorly conducting
(and therefore poorly reflecting) ground.

Another significant difference between terrestrial and
Martian sferics is in the horizontal electric field and ver-
tical magnetic field components. On Earth, the ground
conductivity is sufficiently high that the ground is a
good conductor at VLF and ELF. Enforcement of the
electromagnetic boundary conditions requires that the
tangential electric field and normal magnetic fields are
zero at the surface of a perfect conductor [Ramo et al.,
1984, p. 146]; hence E;, E,, and B, are not observable
on the ground. We have assumed a ground conductiv-
ity which makes the Martian surface a poor conductor
at VLF and ELF; hence these field components can be
observed on the ground, as shown in Figures 4-6.

Also, because of the assumed negligible intrinsic mag-
netic field over most of Mars, the fields in the ground-
ionosphere waveguide can be divided into completely in-
dependent TE and TM modes. On Earth, the ambient
magnetic field creates anisotropy in the upper boundary
of the waveguide (i.e., the ionosphere), which mixes the
TE and TM modes. This leads to mode fields which can
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only be classified as quasi-transverse magnetic (QTM)
and quasi-transverse electric (QTE), depending on the
dominant polarization of the mode. Therefore, on Mars,
a vertical source current only excites higher-loss TM

modes, while on Earth a vertical source excites both
QTM and lower-loss QTE modes.

4. Possible Remote Sensing
Applications

The above calculations of ELF-VLF propagation
characteristics on Mars depend on our assumptions of
the ionospheric and ground parameters. Should sferics
ever be observed on Mars, a comparison of expected and
actual characteristics could yield significant information
about both.

The simulated Martian sferics have two main char-
acteristics controlled at least in part by the assumed
lower ionosphere: the lack of dispersion in the wave-
forms and the lack of a significant difference between
daytime and nighttime sferics. If Martian sferics were
found to be strongly dispersed like their terrestrial coun-
terparts, this could imply a better reflecting ionosphere
than we have assumed here, which, in turn, would imply
a larger electron density altitude gradient. Similarly,
a significant difference between daytime and nighttime
Martian sferics would imply a larger diurnal ionospheric
variability than that assumed here. These ionospheric
characteristics could also be quantified with a technique
similar to that used by Cummer et al. [1998] with ter-
restrial sferics.

The conductivity of the ground also controls many
observable characteristics of sferics, including the
amount of dispersion, the presence or absence of hori-
zontal electric and vertical magnetic fields on the sur-
face, and perhaps most strongly the amplitude of the
sferic for a source of fixed strength. If the propaga-
tion distance of individual sferics can be estimated, ei-
ther from multi-point measurements, from an analysis
of the dispersion characteristics of individual waveforms
le.g., Grandt, 1992], or from orbital imaging of the
source dust storm, then a statistical analysis of sferic
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amplitude as a function of distance (such as would be
provided by a moving storm) would yield information
about the large-scale ground conductivity. We divide
the following analysis of such a technique into two fre-
quency ranges: VLF, taken to be f > 2 kHz, and ELF,
taken to be f < 2 kHz.

Figure 7a shows the peak VLF E, sferic waveform
amplitude as a function of distance over a range of
ground conductivities which span poorly conducting
to nearly perfectly conducting at VLF. As above, the
source is a 1 km vertical current channel with cur-
rent described by (2). The attenuation with distance
is a combination of energy spreading over the spheri-
cal planet and mode attenuation from waveguide losses.
Figure 7a shows that the overall VLF attenuation with
distance is a strong function of ground conductivity, and
measurements of the slope of this amplitude curve could
provide estimates of large-scale ground conductivity. A
calculation of the attenuation rate for €., = 15 and
o4 = 107° shown in Figure 7a indicates that ground
permittivity does play a role in VLF attenuation; how-
ever, the slope of the sferic amplitude with distance
curves is almost independent of ground permittivity,
verifying the primary significance of ground conductiv-
ity in controlling the VLF attenuation rate.

A curious result is that the attenuation is strongest
for 0, = 107° and decreases slightly with decreasing
conductivity. This effect has been noted in previous
studies of VLF attenuation rates [Wait and Spies, 1965]
and is attributed to an effect similar to the Brewster
angle effect [Ramo et al., 1984, p. 309], in which there
are particular ground parameters and wave incidence
angles that produce a minimum in the reflected en-
ergy. These results show that if the attenuation rate
with distance of Martian sferics could be measured, the
bulk ground conductivity could be estimated within the
range of 04=10"°-10"2 mho m~1.

Figure 7b shows in a similar manner the peak ELF E,
sferic waveform amplitude versus distance for the same
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range of ground conductivities. The amplitude attenua-
tion with distance is smaller for ELF than for VLF, and,
at some distance which depends on the ground conduc-
tivity, the ELF portion of the sferic becomes larger than
the VLF portion. As was found for the VLF sferic am-
plitude, the ELF attenuation with distance curves show
a clear dependence on ground conductivity. The ELF
attenuation is sensitive to smaller ground conductivi-
ties, and these ELF measurements could resolve ground
conductivities lower than ~ 10~° mho m~1.

A calculation of the ground reflection coefficient at
VLF and ELF for normal incidence shows why the dif-
ferent sensitivities to ground conductivity of the differ-
ent frequency ranges is expected. Although the actual
waveguide fields are effectively at oblique incidence to
the ground, an analysis at normal incidence gives good
physical insight and reasonably accurate quantitative
results. In a lossy dielectric, the index of refraction n,

is given by
. 1/2
ng = (frg - Z_U_g) ) (3)

€Eow
where €, is the relative permittivity of the ground, oy is
the ground conductivity, € is the absolute permittivity
of free space, and w is the radian wave frequency. The
reflection coefficient of a plane wave normally incident
on the ground from free space is then given by

-1
ng —1

ng_l—l-l.

(4)
For w = 27 x 10% rad s™! (representative of VLF) and
€rg = 5, the magnitude of the reflection coefficient is
~0.38 for o, < 107® mho m™!, and rises steadily to
unity with increasing o4, reaching a value of 0.99 at
04 = 1072 mho m~!. Because the guided wave attenu-
ation rate is in part proportional to the leakage of the
energy into the ground (which, in turn, is inversely pro-
portional to the magnitude of the ground reflection co-
efficient), the attenuation rate only varies significantly

b. 101
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Figure 7. Variation of peak (a) VLF and (b) ELF E, with propagation distance for a vertical

discharge.

The attenuation rate depends strongly on ground conductivity but over different

ranges of conductivity for the two frequency ranges.



14,156

with ground conductivity in this range of o4. This is
precisely what the full numerical calculations in Figure
7a show, and the 4 decade range of significant o, agrees
quite well with the rough calculations above.

If the wave frequency is reduced to w = 27 x 102
rad s™! (representative of ELF), the values of o, for
which the normal incidence ground reflection coefficient
(and therefore the attenuation rate) varies significantly
are reduced by a factor of 100. This agrees with the
numerical results in Figure 7b which show a saturation
of the ELF attenuation rate at o4 ~ 10~% mho m™*,
compared to a saturation of the VLF attenuation rate

at 0, ~ 1072 mho m~1.

5. Conclusions

Postulating the existence of VLF- and ELF-radiating
electrical discharges associated with dust storms on
Mars (see Farrell et al. [1999] for a thorough discus-
sion of this possibility), we have calculated radio at-
mospheric waveforms and spectra for expected charac-
teristics of the Martian ground and ionosphere. The
calculations were made using a numerical model which
accounts for arbitrary homogeneous ground parameters
and ionospheric electron density and collision frequency
altitude profiles. Assuming a source current similar
to terrestrial cloud-to-ground lightning, we calculated
waveforms and spectra for a variety of discharge ori-
entations and a variety of observed field components.
Because the radiation and propagation of this energy is
linear, the results in this work can be considered generic
and can be modified to account for stronger, weaker, or
slower source discharges

A number of characteristics of the modeled Martian
sferics are significantly different from those of their ter-
restrial counterparts. Martian sferics are expected to be
similar for propagation under both daytime and night-
time Martian ionospheres, while terrestrial sferics are
known to change drastically from day to night. The
modeled Martian sferics are similar to daytime terres-
trial sferics in that they are not strongly dispersed,
which is due to the relatively small gradient of the in-
dex of refraction in the assumed Martian ionosphere and
the assumed poorly conducting Martian ground. The
poorly conducting Martian ground also allows nonzero
tangential electric and normal magnetic fields to be ob-
served on the Martian surface, while on Earth the al-
most perfectly conducting ground (at VLF and ELF)
forces these components to be zero at ground level.

We also investigated the possibility of remotely sens-
ing ionospheric and ground parameters from Martian
sferics. If Martian sferics showed a strong diurnal vari-
ation or were more strongly dispersed than those pre-
sented in this paper, that would imply different iono-
spheric characteristics than those assumed here. The
attenuation rate of sferics with distance was shown
to depend strongly on the ground conductivity. If
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this quantity could be measured either with multilo-
cation measurements or dispersion analyses of individ-
ual waveforms, the large-scale Martian ground conduc-
tivity could be estimated thereby providing a unique
method to probe for large-scale subsurface conductivity
features, such as regions containing high-conductivity
minerals, ice, or water.
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